We theoretically analyze type-I broadband second-harmonic generation (SHG) of femtosecond laser pulses based on a quasi-phase-matching configuration in periodically poled congruent LiNbO 3 (LN) and periodically poled MgO:LiNbO 3 (PPMgLN) (5% and 7%). Group-velocity matching (GVM) can be achieved at the fundamental waves of 1.59, 1.56, and 1.55 m for SHG when the three types of crystals have grating periods of 22.31, 20.07, and 23.45 m, respectively. It is found that the central wavelength of the fundamental wave for GVM will increase with the decrease of MgO doping in LN. It is concluded that the shift of the GVM central wavelength is due to the difference of MgO doping, which changes the dispersion of the crystal. Therefore, tunable and high efficiency broadband SHG of femtosecond laser pulses in a long crystal can be realized by selecting different doping rates of PPMgLN.
Introduction
In frequency doubling of a femtosecond laser pulse, the group-velocity (GV) mismatch between the fundamental harmonic (FH) wave and second-harmonic (SH) wave limits the nonlinear interaction as well as the spectral bandwidth, which leads to a considerable broadening of the SH pulses. The common way to maintain the broad bandwidth of the FH wave is to use a thin nonlinear material. However, the short interaction length will result in a substantial decrease in conversion efficiency because the efficiency is proportional to the square of the crystal length. Some approaches and devices have been developed to eliminate the GV mismatch. Huang et al. proposed an integrated device to obtain group-velocity matching (GVM) [1] . But this device is inconvenient to use because it not only has small temperature tolerance but also high optical loss due to many couplers and bends. Fujioka et al. generated an SH wave at 780 nm with 11 nm bandwidth under noncollinear quasiphase-matching (QPM) geometry [2] . This scheme requires precise control of the noncollinear angle and the propagation direction, therefore making the adjustment of experiment equipment rather difficult.
QPM technology plays an essential role in frequency conversion because it can utilize large nonlinear susceptibility in the whole transparency range of nonlinear material. Various QPM materials have been investigated in past years [3] [4] [5] [6] [7] [8] . Among these materials, periodically poled MgO:LiNbO 3 (PPMgLN) is one of the most attractive to realize GVM for second-harmonic generation (SHG) due to its high nonlinearity, relatively high damage threshold, and low coercive electric field [9 -11] . In 2002, Yu et al. proposed a novel scheme of simultaneously attaining GVM and QPM to get broadband SHG in the com-munication band through appropriately selecting the FH wavelength, temperature, and QPM grating period [12] . In the following year, this scheme was realized in a 10 mm long, 5% PPMgLN [13] . Realization of GVM and QPM is due to the dispersion relation of the crystals, and also it is mentioned that material dispersion can be tailored by choosing an appropriate doping level to achieve the desired GVM wavelength.
In this paper, we theoretically analyze type-I broadband QPM SHG in periodically poled congruent LiNbO 3 (PPCLN) and PPMgLN (5% and 7% MgO doped). In the three types with grating periods of 22.31, 20.07, and 23.45 m, GVM can be achieved at the FH wavelength of 1.59, 1.56, and 1.55 m, respectively. We find that the central wavelength of the fundamental wave for GVM will shift to longer wavelength with the decrease of the doping rate of MgO in LiNbO 3 (LN). This shift of the GVM central wavelength is owing to MgO doping in LN, which changes its dispersion relation [14] . Finally, the paper presents some parameters for frequency doubling of a femtosecond pulse laser in these crystals, and gives a comparison of the influence of the doping rates on GVM and QPM SHG.
Numerical Calculations
By using the d 31 nonlinear coefficient in a z-cut crystal with the beam propagation along the x axis, firstorder type-I QPM SHG in LN can be expressed as E y E y → E z 2 [15] , where E i ͑i ϭ x, y, z͒ is the electric component at a frequency , which is parallel to the i axis of the crystal. With a small-signal approximation, the normalized SH intensity can be expressed as
where L is the crystal length and ⌬k is the overall phase mismatch between interactive light waves, which can be expressed by
In Eq. (2), ⌳ 1 is the first-order QPM grating period of frequency doubling in the type-I QPM case. When the QPM grating period
is satisfied in Eq. (3), where ⌬kЈ ϭ k z 2 Ϫ 2k y is the wave vector mismatch, then ⌬k ϭ 0.
For first-order type-I broadband QPM SHG, the dependence of the wave vector mismatch on wavelength can be derived as
Here is the fundamental wavelength, and ␦ ϭ 1͞ g 1 Ϫ 1͞ g 2 is the GV walk-off parameter, with g 1i and g 2i being the GVs for the fundamental harmonic and the SH, respectively. If a certain local extremum d͑⌬kЈ͒͞d ϭ 0 of the unique dispersion can be obtained in the spectral region, the GV matching ͑␦ ϭ 0͒ can be realized correspondingly. Then GVM and QPM SHG are satisfied at the same time. According to Eqs. (3) and (4), the wavelength region of satisfying GVM and QPM simultaneously is determined by the dispersion of materials. So it is possible to tune the wavelength to the desired wavelength domain by changing the MgO doping in PPMgLN.
A. Broadband Second-Harmonic Generation Grating Period Figure 1 shows how the QPM grating period varies with the fundamental wavelength for type-I QPM broadband SHG in PPCLN and in 5% and 7% PPMgLN from 1.50 to 1.66 m at their respective center temperatures. We set the crystal length of 1 cm in this paper for general purpose or normalization. The grating period is calculated according to the Sellmeier equations provided by [16 -18] .
In Fig. 1 , the grating period for the type-I SHG, in three crystals reaches the maximum value around the telecommunication wavelength, where the broad bandwidth SHG can be expected. At this point, the GVM and QPM SHG are simultaneously satisfied so the GV walk-off length is theoretically infinite (GV walk-off length for the case of SHG in this paper, L g , is defined as L g ϭ 0 ͞|␦|, where 0 is the pulse duration of the FH wave). Therefore, SHG in expected broadband with high efficiency frequency conversion can be obtained in longer crystal length, eliminating the disadvantage of poor efficiency and bandwidth from the existing birefringence approach. If the temperature of the 7% PPMgLN sample is changed, the dotted curve in Fig. 1 will move up or down correspondingly. For example, the dotted curve will move down and have two cross points with the tangent line as long as the sample temperature decreases. At the two cross points, QPM SHG is still satisfied while GVM is not, resulting in two QPM SHG peaks. However, once the temperature exceeds 25°C, the dotted curve in Fig. 1 will move up and have no cross points with the tangent line. Then, neither GVM nor QPM SHG is satisfied and the SHG efficiency becomes rather low. This phenomenon is also applicable to PPCLN and 5% PPMgLN. Figure 1 shows that the GVM wavelengths are 1.59, 1.56, and 1.55 m for PPCLN, 5% PPMgLN, and 7% PPMgLN, respectively. We find that as the MgO doping rate increases, the GVM wavelength will drift to the shorter wavelength domain. This is because the changing of the dispersion relationship induced by MgO doping in LiNbO 3 affects the GVM and QPM SHG process. We will investigate this phenomenon in Subsection 2.B.
B. Shift of Group-Velocity-Matching Center Wavelength Due to Variation of MgO Doping Rate
According to the definition of ⌬kЈ ϭ k z 2 Ϫ 2k y , we can derive Eq. (5) from Eq. (4):
From Eq. (5), we can get the relationship between GV walk-off parameter ␦ (GVM parameter) and the FH wavelength in three crystals as plotted in Fig. 2 . As shown in Fig. 2 , GVM can be achieved at 1.59, 1.56, and 1.55 m, respectively. At the same time, QPM SHG with the maximum broadband bandwidth and high efficiency can be obtained at a certain temperature with grating periods corresponding to the GVM wavelength. Also in Fig. 2 , GVM wavelength shifts to the shorter wavelength domain as the MgO Fig. 2 . GV walk-off parameter versus fundamental wavelength for PPCLN, 5% and 7% PPMgLN, in which GVM ͑␦ ϭ 0͒ can be achieved at the fundamental wavelength of 1.59, 1.56, and 1.55 m, respectively. doping rate increases. The results are consistent with those in Fig. 1 .
Reference [14] shows that in LN crystal, LiOO bonds have influence on extraordinary refractive index ͑n c ͒, while NbOO bonds affect the ordinary refractive index ͑n o ͒. When MgO is doped in LN and the doping rate increases, Mg ions gradually substitute Nb ions. So n c and n o , then the birefringence index, are altered. As shown in Fig. 3 , the birefringence index and the critical phase-matching wavelength have been changed significantly as the concentration of MgO in LN varies. In fact, the effect of MgO doping on n c and n o illustrates how the MgO doping changes the characteristics of femtosecond pulses SHG, i.e., it alters the dispersion equations of nonlinear crystals. This theoretical result indicates that, besides the method of adjusting the temperature to change the GVM center wavelength [3, 12] , we can also achieve GVM of femtosecond pulse SHG at room temperature in the expected wavelength by controlling the MgO doping rates in PPMgLN. It is reported that PPMgLN with Mg ion concentration as high as 25% has been successfully fabricated [19] . Therefore, the special applications of these highly doped crystals could be investigated deeply for nonlinear optical parameter processes. For example, by selecting PPMgLN with different doping rates, we can extend the wavelength region of the femtosecond pulse in frequency doubling, the quadratic cascaded process involving SHG and DFG, or other parameter processes.
C. Effect of MgO Doping on Second-Harmonic Generation Process of Femtosecond Pulses
For the three crystals with length of 1 cm, in Fig. 4 we calculate the FWHM (full width at half-maximum) of the normalized SH conversion efficiency at each of the broadband SHG center wavelengths from 1.50 to 1.70 m. We find that for PPCLN, 5% and 7% PPMgLN, the ranges of conversion efficiency higher than 50% are 1547-1607, 1545-1575, and 1537-1567 nm, respectively. In Fig. 4 , neglecting the GV mismatch, the wavelength domain of broadband QPM SHG shifts to the shorter wavelength. It should be noticed that two maximum points appear in Fig. 4 . This phenomenon has been explained in detail by Wu et al. [3] . The results are suitable for continuous light sources, or nonultrashort pulse light sources (picoseconds or larger pulse duration), to achieve broadband QPM SHG. However, if we want to realize the SHG of a femtosecond pulse laser, both QPM and GVM should be taken into consideration to obtain broad bandwidth and high conversion efficiency.
In frequency doubling of a femtosecond pulse laser, adjustable broader ranges of temperature and incident angles are advantageous to obtain high efficiency and maintain the pulsed energy stability of the converted beam [20] . Consequently, we calculated the temperature bandwidth and angle bandwidth at center wavelength of broadband QPM SHG. For better comparison of QPM SHG of femtosecond pulses among these three crystals, in Table 1 we list the parameters for frequency doubling of femtosecond pulses in practical applications.
Conclusion
We have analyzed and compared the frequency doubling of femtosecond laser pulses in MgO differently doped LN. The doping rates greatly affect the realization of GVM for obtaining pulses with little distortion and high efficiency, i.e., significantly the walk-off length of ultrashort wave pulses to increase the interacting length of SH and FH waves. Different concentration of MgO in LN has different dispersion relation of crystals. We notice that the GVM center wavelengths shift to the shorter wavelengths as the doping rates in PPMgLN rise. This result makes it possible to choose PPMgLN with an appropriate doping rate to obtain SHG of femtosecond laser pulses in the expected wavelength domain at room temperature. With successful fabrication of highly MgO doped LN, it is possible to use these crystals to realize femtosecond pulse frequency doubling in a desired wavelength region, as well as quadratic cascaded process involving SHG and DFG, or other parameter processes. Finally, for these three crystals, we gave the GVM center wavelength, grating period, temperature, and wavelength bandwidth for frequency doubling of femtosecond laser pulses. 
